Abstract-In order to enable a more wide-scale utilization of PV systems, the cost of PV energy has to be comparable with other energy sources. Oversizing the PV array is one common approach to reduce the cost of PV energy, since it increases the PV energy yield during low solar irradiance conditions. However, oversizing the PV array will increase the loading of PV inverters, which may have undesired influence on the PV inverter lifetime and reliability. In that case, it may result in a negative impact on the overall PV energy cost, due to the increased maintenance for the PV inverters. This paper evaluates the lifetime of PV inverters considering the PV array sizing and installation sites, e.g., Denmark and Arizona. The results reveal that the PV array sizing has a considerable impact on the PV inverter lifetime and reliability, especially in Denmark, where the average solar irradiance level is relatively low.
I. INTRODUCTION
With the aim to introduce more renewable energy and due to the still declining cost of PV panels and installation, the PV industry has had a high growth rate in the last decades [1] . Nevertheless, in order to further increase the PV penetration level, the cost of PV energy has to be reduced even further to make the PV power plant competitive with conventional power plants (e.g., fossil fuel based systems). It is recommended in [2] that the cost of PV energy (for the residential applications in US) has to be reduced from the current 0.18 USD/kWh to 0.05 USD/kWh by 2030. This is a challenging target to reduce the PV energy cost by more than 3 times in the near future. There are several ways to reduce the cost of PV energy and achieve the above target (e.g., improving efficiency, and enhancing components lifetime). Among others, one commonly (and practically) used solution is to oversize the PV arrays, where the rated power of the PV arrays is intentionally designed to be higher than the rated power of the PV inverter [3] - [5] , as it is shown in Fig. 1 . By doing so, the PV inverter will operate close to its rated power during a larger proportion of time, and more PV energy can be captured during the non-peak production period. As the PV panel cost is still declining, where the PV module price drops around 13% per year [6] , oversizing the PV arrays becomes an attractive solution with a minor increase in the system cost, and thus reduce the total cost of PV energy [7] - [9] .
The PV power extraction with oversized PV arrays is illustrated in Fig. 2 , where the energy production of the PV system is increased due to the higher energy yield during the low solar irradiance condition. Nevertheless, oversizing the PV array might also have impact on the PV inverter operation, which is a link between the PV arrays and the grid. Impacts of oversizing the PV array on the cost of PV energy and design approaches to maximize the energy yield have been addressed in literature. In [10] , the impact of PV array sizing on the energy cost is discussed for different system topologies. A similar study has been carried out in [11] - [13] , where several installation sites (with different climate conditions) are considered. Optimum design solutions for oversizing the PV arrays have been proposed in [14] - [17] with the aim to maximize the PV energy yield while minimizing the system cost due to oversizing. Nevertheless, the prior-art work does not consider the impact of oversizing the PV arrays on the inverter lifetime and reliability. In other words, it is normally assumed that the PV inverter lifetime remains the same regardless of the PV array sizing. However, oversizing the PV array will inevitably affect the loading and thus the inverter lifetime and reliability. For instance, the PV inverter with oversized PV arrays will have higher power production and thereby higher thermal stresses on the critical components (e.g., power devices, and capacitors) than those without oversized PV arrays under the same mission profile (i.e., solar irradiance and temperature). This may result in a reduction in the component lifetime and Fig. 2 . PV power extraction with oversized PV arrays (P avai : available PV power, Ppv: extracted PV power, P pv,rated : PV array rated power, P inv,rated : PV inverter rated power, Rs = P pv,rated /P inv,rated : sizing ratio). the overall system reliability. As the cost associated with the PV inverter failure is around 59% of the total system cost, the PV inverter lifetime plays a crucial role in the cost assessment of the PV system [18] - [20] . In that case, the operational and maintenance cost of the PV inverter becomes significant, and may counteract benefits of the increased energy production, resulting in a negative impact on the overall PV energy cost. This issue has been pointed out in [8] and [13] , but detailed lifetime analysis was not addressed.
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To fill in this gap and address the above issue, this paper thus investigates the impacts of PV array sizing on the PV inverter lifetime and reliability. The lifetime evaluation is carried out with a case study of the installation sites in Denmark and Arizona, which is described in § II. The mission profilebased lifetime evaluation of the PV inverter is presented in § III, and it is applied to the case study in § IV. Then, the reliability assessment based on the Monte Carlo simulation is carried out in § V, where the parameter variation is introduced.
The evaluation results show a significant increase in the thermal loading of the PV inverter in Denmark, especially during winter. In that case, the PV inverter lifetime is reduced significantly. Finally, concluding remarks are given in § VI.
II. CASE STUDY DESCRIPTION A. System Description
The system configuration and control structure of a singlephase grid-connected PV system are shown in Fig. 3 . Here, a two-stage configuration is adopted, where two power converters -a boost dc-dc converter and a full-bridge dc-ac inverter (PV inverter) -are employed as an interface between the PV arrays and the grid [21] . This two-stage configuration is widely used in residential/commercial PV systems (e.g., with the rated power of 1 kW -30 kW), where the power extraction from the PV arrays is controlled by the boost converter [22] . Normally, a Maximum Power Point Tracking (MPPT) algorithm is implemented in the boost converter by regulating the PV voltage v pv at the Maximum Power Point (MPP) of the PV array in order to maximize the solar energy yield. However, in the case of oversized PV arrays, the extracted PV power P pv cannot exceed the PV inverter rated power P inv,rated due to safety reasons. In that case, the extracted PV power P pv needs to be limited at the PV inverter rated power level (i.e., P pv = P inv,rated ), which is achieved by regulating the PV power below the MPP [3] . At the grid-side, the PV inverter delivers the extracted power to the ac grid by regulating the dc-link voltage v dc to be constant, which is achieved through the control of the grid current i g using a current controller. Additionally, a Phase-Locked Loop (PLL) is also required for synchronization [23] .
B. Operational Principle with Oversized PV Arrays
It is very common to define the sizing ratio R s as the ratio of the PV array rated power at the Standard Test Condition (STC), P pv,rated , over the PV inverter rated power P inv,rated (i.e., R s = P pv,rated /P inv,rated ). Usually, the PV system is designed to be oversized (i.e., R s > 1) in order to capture more PV energy (e.g., during low solar irradiance condition) and increase the PV inverter utilization. However, due to the oversizing, the available PV power of the oversized PV arrays can be higher than the rated power of the PV inverter (e.g., during the peak power generation periods). In that case, the extracted PV power has to be curtailed at the rated inverter power level during the peak power generation periods (also called power limiting control, constant power generation control, and power clipping), which is achieved by moving the operating point of the PV array away from the MPP as shown in Fig. 4 [24] . Notably, this will inevitably result in loss of PV energy yield due to the power limitation, i.e., a negative impact on the levelized cost of solar energy. Thus, the sizing ratio has to be optimally designed by considering the system cost (e.g., PV panels and inverters) and the solar resource (e.g., irradiance level) of the installation sites [14] - [17] . According to this, the sizing ratio varies with the installation sites, where the typical value (today) is in a range of 1 ≤ R s ≤ 1.5.
C. Mission Profile of the PV Systems
A mission profile is a representation of the operating condition of the system [25] . The solar irradiance and ambient temperature are considered as a mission profile of the PV systems, since the PV power production is strongly dependent on the two parameters. The one-year mission profiles recorded in Denmark and Arizona with a sampling rate of 5 minutes per sample are used in this study, as shown in Fig. 5 . From the recorded mission profiles in Arizona, the average solar irradiance level is constantly high through the year. This is in contrast with the mission profile in Denmark, where the average solar irradiance level is relatively low through November to February. Additionally, the ambient temperature in Denmark also varies in a wide range with the minimum being around -18
• C during winter. The impact of oversizing the PV arrays on the PV inverter lifetime of the two installation sites will be different due to the mission profile characteristic, as it will be demonstrated later in this paper.
III. MISSION PROFILE-BASED LIFETIME ESTIMATION
Lifetime of PV inverters can be considerably influenced by the operating condition of the system, referred to as mission profiles (i.e., solar irradiance and ambient temperature) [26] . For instance, the PV power production is mainly determined by the solar irradiance and ambient temperature conditions of the system, and it will eventually be translated into the thermal stress of the PV inverter. For some critical components in the PV inverter (e.g., power devices), this thermal stress can cause failure after a given number of thermal cycles, e.g., resulting in a bond wire lift-off of power device [25] . Therefore, the mission profile is normally taken into consideration in the lifetime evaluation process, in which three main tasks are involved [25] , [27] - [29] thermal loading, 2) Thermal cycling interpretation, 3) Lifetime modeling of power devices. The flow diagram of this procedure is summarized in Fig. 6 , and will be elaborated in the following.
A. Mission Profile Translation to Thermal Loading
As the first step, the mission profile needs to be translated into the thermal loading of the power device, which is one of the main life-limiting components of the PV inverter. For a given solar irradiance and ambient temperature profiles, the PV power at the MPP of the PV array P mpp can be determined by using the PV panel characteristic model [31] . In this case, the PV panel model with the same rated power as the PV inverter is considered (representing the case with non-oversized PV arrays). Then, the available PV power P avai can be calculated by multiplying the PV power at the MPP P mpp with the sizing ratio of the PV system R s . This implies that the actual available PV power can be higher than the PV inverter rated power for the case with oversized PV arrays (i.e., R s > 1). Afterwards, the extracted PV power P pv (i.e., input power of the PV inverter) is determined by taking the MPPT operation efficiency (99%) and the power limiting operation (when P avai > P inv,rated ) into account. In other words, the maximum extracted PV power is limited to the PV inverter rated power. Then, considering the PV inverter efficiency, the power losses dissipated in the power devices, P loss , can be obtained and applied to the thermal model of the power device. By doing so, the junction temperature profile of the power device T j during operation is obtained. Normally, a LookUp Table ( LUT) generated from the conduction and switching losses of the power device and the thermal impedance given in the datasheet is employed to assist a long-term simulation (e.g., one-year mission profiles) [30] .
B. Thermal Cycling Interpretation
From the previous step, thermal loading of the power device in the PV inverter for a given mission profile can be obtained. However, the obtained junction temperature profile usually contains the mission profile dynamics. In order to apply such an irregular junction temperature profile to the lifetime model, which is based on the empirical data, a cycle counting algorithm is needed for thermal cycling interpretation [28] . This method has been widely used in the lifetime and stress analysis related to the thermal cycling. For instance, a rainflow counting algorithm can be employed for dividing the irregular profile into several regular cycles according to the cycle amplitude, its average value, and the cycle period. By applying this method to the device junction temperature profile, the number of cycles n i at a certain cycle amplitude ΔT j , mean junction temperature T jm , and cycle period t on can be obtained (see Fig. 6 ). The information can be directly applied to the lifetime model and the lifetime of the power device can then be evaluated.
C. Lifetime Model of the Power Devices
According to field experiences, there are several components (e.g., power devices, capacitors, gate drivers, fans and etc.) that can cause failures in the PV inverters [19] . In fact, the failure 
mechanism of each components may have a cross-effect on the reliability of other components in the system, leading to a very complicated analysis. In this paper, only the failure mechanism related to the thermal cycling of the power device is considered as an example for simplicity. The lifetime model of the power device (e.g., IGBT) subjected to the thermal cycling is given as
where N f is the number of cycles to failure [32] . The mean junction temperature T jm , cycle amplitude ΔT j , and cycle period t on are the stress level obtained from the cycle counting algorithm, while the other parameters are given in Table I . By using the Miner's rule [28] , the Life Consumption (LC) or damage of the power device, can be calculated as [28] 
where n i is the number of cycles (obtained from the rainflow analysis) for a certain T jm , ΔT j , and t on , and N fi is the number of cycles to failure calculated from (1) at that specific stress condition. The LC is an indicator of how much lifetime of the power device is consumed (or damaged) during the operation (e.g., according to the applied mission profile) [25] . For example, the LC calculated from a one-year mission profile will represent a yearly LC of the power device. When the LC is accumulated to unity (e.g., after several years of (FIG. 3) . 
IV. LIFETIME EVALUATION (CASE STUDY)
In this section, the lifetime evaluation discussed in § III is applied to the two-stage PV system in Fig. 3 with the parameters shown in Table II . The case study is based on the mission profiles in Denmark and Arizona (Fig. 5) with different sizing ratios. The thermal loading of the power device and the corresponding LC are evaluated.
A. Thermal Loading of PV Inverters
The mean junction temperature T jm and the cycle amplitude ΔT j of the PV inverter installed in Denmark and Arizona are shown in Figs. 7 and 8, respectively. An example of two different cases with R s = 1 (i.e., non-oversized PV arrays) and R s = 1.4 (i.e., oversized PV arrays) are considered. It can be seen from Fig. 7 that the PV inverter installed in Denmark with oversized PV arrays (i.e., R s = 1.4) has a strong increase in the thermal loading compared to the case where R s = 1 (i.e., mean junction temperature and cycle amplitude), especially during November through February (when the solar irradiance level is low). The impact of oversizing PV arrays is less pronounced with the PV system in Arizona, where only a small increase in the thermal loading of the PV inverter is observed in Fig. 8 . This is due to the fact that the PV inverter installed in Arizona with R s = 1.4 mostly operates in the power limiting mode (i.e., P pv = P inv,rated ) because of the high average solar irradiance level through the year. In that case, oversizing the PV array will not significantly increase the PV power production and thus the thermal loading of the PV inverter.
B. Lifetime Evaluation
From the thermal loading of the PV inverter (i.e., mean junction temperature and cycle amplitude) in Figs. 7 and 8 , the corresponding LC of the PV inverter during one-year operation can be calculated following (2) . The normalized LC (compared with the case without oversizing) of the PV system with different sizing ratios (e.g., 1 ≤ R s ≤ 2) is shown in Fig. 9 . As it is expected, the impact of oversizing on the LC is significant with the Denmark mission profile, where the LC increases considerably as R s increases (see Fig. 9(a) ). Notably, the higher LC results in shorter lifetime of the PV inverter. In contrast, the LC of the PV inverter installed in Arizona is less affected by the sizing ratio of the PV arrays (see Fig. 9(b) ). In this case, the LC only increases slightly, and it saturates around 1.5 times of the initial LC (i.e., LC without oversizing). Again, this is simply due to the mission profile characteristic (especially the solar irradiance profile) in Denmark, where the average irradiance level is relatively low during the winter. By oversizing the PV arrays, the PV power production during the winter is increased considerably without reaching the rated PV inverter power limit. On the other hand, the solar irradiance in Arizona is relatively high throughout the year. Thus, oversizing the PV arrays can easily lead to a power limiting operation, due to the maximum capability of the PV inverter. Therefore, only a small increase in the PV power production is obtained, and thus the impact on the LC of the PV inverter is less significant compared to that in Denmark.
V. RELIABILITY ANALYSIS
From the previous lifetime evaluation, the LC during oneyear operation can be calculated from the mission profile. In order to evaluate the reliability of the system, parameter variations need to be introduced in the lifetime evaluation process (e.g., lifetime model and the stress parameters) by using the Monte Carlo simulation [33] - [35] . By doing so, the lifetime distribution and the unreliability function of the power device can be expressed in terms of statistical value, and the reliability metrics such as B x lifetime can be obtained [36] .
A. Monte Carlo Simulation
The overall process of the Monte Carlo-based reliability assessment is shown in Fig. 10 . The basic idea of this method is to model the parameter used in the calculation (e.g., lifetime model and stress parameters) with a certain distribution function, instead of using a fixed parameter. In this way, the parameter variation can be introduced during the calculation. Then, the lifetime evaluation (following the approach in § III) is carried out with a population of n samples. By doing so, the lifetime distribution (e.g., the Weibull distribution) of the power device f (x) can be constructed from the lifetime yield of n different samples. Based on this result, it is also possible to obtain the unreliability function of the power device F (x), which is a cumulative function of the lifetime distribution [36] . The unreliability function can be used to indicate the development of failure overtime. For instance, the time when x% of population have failed can be obtained from the unreliability function, and it is normally referred to as B x lifetime. Notably, for the system with several components (e.g., the PV inverter with several power devices), the reliability block diagram, which represents the reliability interaction among components in the system, is required for calculating the reliability of the entire system. A step-by-step system-level reliability evaluation process has been discussed in details in [33] - [35] .
B. Reliability Assessment (Case Study)
The reliability assessment of the PV inverter is carried out under two mission profiles: Denmark and Arizona. The unreliability function of the PV inverter is calculated from the sample of 10000 population (e.g., n = 10000) where the parameter variation of 5% is introduced. The unreliability function of the PV inverter F (x) with different sizing ratio R s is shown in Fig. 11 . It can be noticed from the unreliability function F (x) in Fig. 11(a) that the failure rate of the PV inverter in Denmark increases relatively fast with the increased sizing ratio. On the other hand, only a small change in the unreliability curve with different sizing ratios is observed under the Arizona mission profile in Fig. 11(b) , especially when the sizing ratio is higher than 1.4 (i.e., R s ≥ 1.4).
From the unreliability function in Fig. 11 , the B 1 lifetime of the PV inverter with different sizing ratios can be obtained by considering the time when 1% of the population have failed, as it is also indicated in the same figure, and used as a reliability metric. Notably, the B 1 lifetime of the PV inverter with the Denmark mission profile is higher than 50 years for the sizing ratio below 1.2 (i.e., R s ≤ 1.2), which is not practical (in general). In that case, other failure mechanisms or components will be dominant during this time period, and the B 1 lifetime obtained from the thermal cycling related failure mechanism may not represent the main life-limiting factor of the PV inverter.
The B 1 lifetime of the PV inverter with different sizing ratios for the two mission profiles is summarized in Fig. 12 , where it can be seen that the B 1 lifetime of the PV inverter in Denmark decreases considerably as the sizing ratio R s increases. In contrast, the impact of the sizing ratio R s is less significant in the case of Arizona mission profile. For example, only a small reduction in the PV inverter lifetime is observed (i.e., around 27%) when the sizing ratio of the PV system is increased from R s = 1 to R s = 1.4. When the sizing ratio is further increased from R s = 1.4 to R s = 2, the B 1 lifetime of the PV inverter remains almost constant at B 1 = 14 years (e.g., the lifetime difference is less than a year). The above reliability assessment results are in agreement with the previous lifetime evaluation in § IV, where the impact of sizing ratio is less pronounced in the case of the Arizona mission profile due to the power limiting operation of the PV inverter.
VI. CONCLUSION
The impact of the PV array sizing on the PV inverter lifetime and reliability has been investigated in this paper. The mission profile-based lifetime evaluation has been carried out on PV systems installed in Denmark and Arizona with different sizing ratios. Moreover, the Monte Carlo simulation was employed for the reliability assessment, where parameter variations are taken into consideration. The evaluation results show a considerable impact of the PV array sizing on the lifetime of the PV inverter installed in Denmark, where the PV inverter thermal loading increases considerably with the oversized PV arrays. In contrast, the PV inverter installed in Arizona has less impacts from the PV array oversizing, due to the average high irradiance condition. In that case, the increased loading due to the oversizing is less significant because of the power limitation of the PV inverter.
